Alveolar epithelial regeneration is essential for resolution of the acute respiratory distress syndrome (ARDS). Although neutrophils have traditionally been considered mediators of epithelial damage, recent studies suggest they promote type II pneumocyte (AT2) proliferation, which is essential for regenerating alveolar epithelium. These studies did not, however, evaluate this relationship in an in vivo model of alveolar epithelial repair following injury. To determine if neutrophils influence alveolar epithelial repair in vivo, we developed a unilateral acid injury model that creates a severe yet survivable injury with features similar to ARDS. Mice that received injections of the neutrophil depleting Ly6G antibody had impaired AT2 proliferation 24 and 72 hours after acid instillation, which was associated with decreased re-epithelialization and increased alveolar protein concentration 72 hours after injury. As neutrophil depletion itself may alter the cytokine response, we questioned the contribution of neutrophils to alveolar epithelial repair in neutropenic granulocyte-colony stimulating factor (G-CSF) -/-mice. We found that the loss of G-CSF recapitulated the neutrophil response of Ly6G treated mice and was associated with defective alveolar epithelial repair, similar to neutrophil-depleted mice, and was reversed by administration of exogenous G-CSF. To approach the mechanisms, we employed an unbiased protein analysis of bronchoalveolar lavage fluid from neutrophil-depleted and neutrophil-replete mice 12 hours after inducing lung injury. Pathway analysis identified significant differences in multiple signaling pathways that may explain the differences in epithelial repair. These data emphasize an important link between the innate immune response and tissue repair in which neutrophils promote alveolar epithelial regeneration.
Introduction
The acute respiratory distress syndrome (ARDS) is an acute inflammatory lung injury that can be triggered by several insults including pneumonia, sepsis, trauma and aspiration(33). These varied insults result in a common histological pattern of inflammatory infiltrates, denudation of the basement membrane, and accumulation of a protein-rich edema fluid in the alveoli (8) . The pathophysiology underlying this syndrome involves changes to barrier cells (5, 7, 63 ) that facilitate entry of inflammatory cytokines and leukocytes into the alveolar space(31).
These changes impair gas exchange(7) and lead to hypoxemia, a clinical hallmark of the syndrome(28).
Alveolar epithelial regeneration is a pivotal event in the resolution of ARDS that enables resorption of pulmonary edema fluid and improves gas exchange by restoring the alveolar architecture(48, 63). The alveolar epithelium is composed of alveolar type I pneumocytes (AT1) which are flat and facilitate gas exchange and alveolar type II pneumocytes (AT2) that secrete surfactant. Reepithelialization of the alveolus is dependent on new AT1 cells being generated (13, 42) . Following epithelial destruction, the AT2 cell proliferates and differentiates into AT1 cells, thereby acting as a progenitor cell and promoting alveolar epithelial repair(9, 25). Other populations of AT1 progenitor cells have been identified although our understanding of their role in the resolution of ARDS is incomplete(38, 60, 66).
Current conceptual models of ARDS suggest that neutrophils act as key mediators of alveolar epithelial damage by releasing oxidants, lipid mediators, and proteases(31, 62). While neutrophils are typically described as injurious in many organs and systems, several wound-healing models in organs other than the lung have demonstrated that neutrophils also promote epithelial repair (29, 41 ). One mouse model showed that neutrophil depletion significantly slowed the rate of skin wound closure(26). In this setting, oxidants, leukotrienes and proteases are thought to promote sterility and beneficial tissue remodeling, which are essential for wound healing(41).
Recent studies have highlighted a potential role for neutrophils in supporting alveolar epithelial regeneration by promoting AT2 cell proliferation(2, 65).
Specifically, in vitro studies have shown that neutrophil defensins promote alveolar epithelial cell proliferation (2) and in vivo studies have demonstrated that neutrophil transmigration from the vasculature into the alveolar space induces AT2 cell proliferation by activating β-catenin signaling(65). These studies portend a potentially important role for neutrophils in the restoration of the alveolar epithelium following ARDS by promoting AT2 cell proliferation. Furthermore, a recent study in mice showed that neutrophil accrual in the lung correlated positively with recovery from influenza, despite equivalent viral titers(40). Taken together, these studies suggest that traditional dogma may underestimate the importance of neutrophils in ARDS resolution and may explain, in part, why antiinflammatory therapy fails to improve mortality in ARDS (16, 17, 46) .
Although prior studies have demonstrated that neutrophils promote AT2 cell proliferation, the importance of neutrophils to alveolar epithelial regeneration following lung injury is largely unknown. To explore the role of neutrophils in alveolar epithelial repair we subjected neutropenic and control mice to unilateral acid-induced lung injury. This lung injury model produced a neutrophilindependent AT1 cell loss that was severe yet survivable ( Fig. 1, 3A -C). Here we report that neutrophil depletion with a Ly6G antibody was associated with decreased re-epithelialization of AT1 cells following acid-induced lung injury that was reflected in a prolonged alveolar protein leak among neutropenic mice. As previous studies have identified the AT2 cell as a key source of AT1 cells following lung injury(9, 42), we next sought to evaluate how the loss of neutrophils would impact AT2 cell proliferation. We found that neutrophil depletion was associated with significantly reduced AT2 cell proliferation, similar to observations made in a model of alveolar neutrophil chemotaxis(65). To account for possible confounding influences of neutrophil depletion, we sought to test our hypothesis in G-CSF -/-mice, which are known to be neutropenic, and found a similar positive correlation between neutrophils and alveolar epithelial repair. Furthermore, administration of recombinant G-CSF (rmG-CSF) to G-CSF-/-mice restored effective repair. While the mechanisms remain unknown, we hypothesized that neutrophils make multiple components that contribute to repair. Unbiased proteomic analysis of brochoalveolar lavage (BAL) fluid from Ly6G antibody treated and isotype antibody treated mice revealed multiple pathways linking neutrophil-derived products to reparative cell signaling. This work is novel in that it explicitly studies the importance of neutrophils to alveolar epithelial repair in a model of injury and repair rather than implying their significance through chemotactic assays and in vitro models(2, 65).
Materials and Methods
Mice All mice were housed in SPF conditions in an animal facility at the Children's Hospital of Philadelphia. All mouse protocols were approved by the IACUC at the Children's Hospital of Philadelphia. GCSF-/-mice on a C57BL/6J background, strain 002398, from the Jackson Laboratory (Bar Harbor, ME) and WT C57BL/6J mice, strain 000664, from the Jackson Laboratory (Bar Harbor, ME) aged 8-10 weeks were used for experiments. Both male and female mice from both genotypes were used in equal proportions.
Injury Model Sedated mice were intubated using a 20G angiocatheter from BD (Franklin Lakes, NJ) using a previously described technique(23). The mice were then placed in the right lateral recumbent position at a polytehelene 10 (PE-10) catheter from Clay Adams (Parsippany, NJ) was directed into the right main stem bronchus while pressure was applied to the left lung. Injury was induced by instilling 2.5μL/g of osmotically balanced 0.1N HCl into the right lung through the PE-10 catheter. Immediately following acid instillation, all mice received a 250μL bolus of ½ normal saline + 5% dextrose via an intraperitoneal injection. Mice then recovered for four hours in a Plexiglas chamber, part #AB-2 from Braintree Scientific (Braintree, MA). A 37° heating pad, part # 39 DP from Braintree Scientific (Braintree, MA) was placed at the bottom of the chamber. 100% oxygen was connected to the lower port of the chamber and pumped into the chamber at a rate of 10 LPM. After four hours the mice were placed back into their cages exposed to room air, where they remained until they were euthanized.
Neutrophil Depletion Neutrophil depletion was performed using a Ly6G
antibody from Bio X Cell (West Lebanon, NH); a rat IgG2a control antibody from the same company to use as a control. Mice received 270μg injection of Ly6G antibody or IgG2a 24 hours prior to acid instillation, on the day of acid instillation and every 24 hours after that.
G-CSF Repletion G-CSF repletion was performed using recombinant mouse G-CSF from BioLegend (San Diego, CA). Mice received 2μg subcutaneous injections 48 hours prior to injury and every 48 hours after that for the duration of the experiment. Control mice received an equal volume of PBS.
Histological Preparation
Lungs were dissected and fixed under a constant pressure of 23cm H 2 O with 10% formaldehyde, dehydrated through a series of descending ethanol washes, embedded in paraffin wax, and sectioned at 5μm sections (7 serial sections every 100 μm). min. The mass spectrometer was set to repetitively scan m/z from 300 to 1400 (R = 240,000) followed by data-dependent MS/MS scans on the twenty most abundant ions.
H&E Staining

Protein Data Analysis Sequences were aligned with Sequest and analyzed in
Scaffold. Differentially expressed proteins were analyzed using Ingenuity Pathway Analysis software from Qiagen (Hilden, Germany).
Statistics We used Microsoft Excel for Mac 2011 (Seattle, WA) and Prism 7 from
GraphPad Software (La Jolla, CA). Means were compared using Student's t-test when comparisons were made between two groups at a single time point. When appropriate, we used two-way ANOVA. All T-tests were done Excel and two-way ANOVA testing was done in Prism 7. The distribution of data did not necessitate the use of non-parametric testing. P values<0.05 were considered significant.
Statistical analysis of the proteomic data was performed using Scaffold. Peptides were analyzed both by sample and by quantity. To be considered significant, peptides from a protein were required to be present in at least 2 samples.
Proteins determined to be more than 2 standard deviations removed from the line of identity were considered to be differentially expressed.
Results
Unilateral Acid Instillation as a Model of ARDS.
Clinically, ARDS is a severe lung injury that is not survivable without the support of mechanical ventilation(1, 56, 62). To mimic such a severe injury, we generated a model of unilateral lung injury. Using a unique method to selectively intubate the right lung (Fig. 1A) we were able to cause unilateral lung injury (Fig. 1B) . 0.1N hydrochloric acid (2.5μl/g) was used to induce injury (defined as loss of AT1 cells from the lesion) that we hypothesized would not require neutrophils. Sparing one lung allowed the mice to survive what would otherwise be a lethal injury. Neutrophils ( Fig. 2A) and protein rich edema fluid (Fig. 3E-G ) accumulated in the alveoli following lung injury with peaks at 12 and 24 hours respectively. Furthermore, a pronounced loss of AT1 epithelial cells was detected within 24 hours (Fig. 3B & C) . These data demonstrate that our lung injury model recapitulates several key elements of human ARDS.
Ly6G antibodies decrease the neutrophil response to acid-induced lung injury.
Intraperitoneal administration of Ly6G antibody not only depleted neutrophils from the circulation before injury (Fig. 2B ), but also significantly decreased the neutrophil response to acid-induced lung injury compared to mice given an IgG2A isotype control antibody ( Fig. 2A-E) . Twelve hours after injury, a time of peak neutrophil accumulation for mice given the isotype control antibody, there was an 89.1% (p=0.0008) reduction in BAL neutrophils in the mice that received Ly6G antibody (Fig. 2A) . The decrease in alveolar neutrophils persisted at 24 hours when the Ly6G treated mice had 70.5% (p=0.038) fewer neutrophils than mice treated with the isotype antibody ( Fig. 2A) . These changes were reflected in peripheral blood counts at 12, 24 and 48 hours after lung injury where the Ly6G had 84.2% (p=0.0071), 74.0% (p=0.052) and 68.9% (p=0.014) fewer circulating neutrophils respectively (Fig. 2B) . While the decrease in circulating and BAL neutrophils argues strongly for significant depletion, we considered whether neutrophils might accumulate in the lung parenchyma without necessarily appearing in BAL. In order to address this possibility, we disaggregated the lungs of Ly6G and isotype control antibody-exposed mice and quantified the number of neutrophils in the right lung. Since the mice were depleted with Ly6G antibody, and the continued presence of the antibody might block binding of the Ly6G detecting antibody, we used the antibody 7/4 (raised against murine neutrophils; does not detect Ly6G) as a detection antibody. As seen in fig. 2C -E, many fewer 7/4-staining neutrophils were detected in the Ly6g-exposed lungs than in isotype-exposed lungs. Taken together, these data support the contention that depletion with Ly6g antibody, while not absolute, nonetheless markedly diminishes neutrophils in the circulation, BAL, and lung tissue.
Neutrophil depletion impairs alveolar epithelial repair. Haematoxylin and
Eosin (H&E) staining of injured areas of lung 24 hours after acid instillation show accumulation of protein-rich edema fluid and septal thickening in the Ly6G and isotype antibody treated mice (Fig. 3A) . Immunofluorescent staining of lung tissue with the AT1-specific antibody directed against podoplanin also showed comparable AT1 cell loss in both neutropenic and control mice (Fig. 3B ).
Podoplanin was selected as it has previously been validated in the study of epithelial regeneration, including regeneration following acid-induced lung injury(19, 59). Nevertheless, we also confirmed our observation using a second method with an antibody targeting the AT1 cell-specific aquaporin 5 (Fig. 3C ).
H&E stained lung sections 72 hours after acid-instillation demonstrate an inflammatory cellular infiltrate with organized alveolar structures in the isotype antibody treated group. In contrast, the Ly6G treated mice had an inflammatory infiltrate associated with the loss of distinct alveolar structures (Fig 3A) . Similarly, podoplanin staining showed partial re-epithelialization with AT1 cells in the control mice, which was not observed in the neutropenic mice (Fig. 3B) . A similar pattern was observed using aquaporin 5 antibody staining (Fig. 3C ). Mirroring these differences in epithelial regeneration, we observed that BAL protein levels remained significantly elevated in neutropenic mice 48 hours after inducing lung injury, 1.617 μg/μl, compared to control mice at the same time, 0.819 μg/μl (p=0.019) (Fig. 3E) . Interestingly, a similar tend was observed when we measured IgM (representing a large analyte, approximately 1000KDa) levels in the BAL, although the data was not statistically significant (Fig. 3H) . (Fig. 4) , was apparent even at 24 hrs.
We observed that 5.73% of AT2 cells were Ki67 positive in the control group, whereas only 2.06% of AT2 cells were Ki67 positive in the neutrophil depleted mice (p=0.018). This decreased proliferation in the Ly6G treated mice persisted at 72 hours where 4.93% of AT2 cells were Ki67 positive compared to 15.58% in the control group (p=0.0004). We observed a Ki67 positive rate in AT2 cells of less than 1% in uninjured mice (Fig. 4D) .
G-CSF-/-mice also have defective alveolar epithelial repair and decreased AT2 proliferation. Neutrophil depletion itself can cause compensatory changes in mice, which may confound our data(22, 26). Therefore, we sought to validate our findings in a second model of neutropenia. G-CSF -/-mice were selected because they have a decreased neutrophil response to injury (11, 15, 45) . Since transgenic mice may have secondary phenotypes from compensatory mechanisms that accumulate during development(10), we used G-CSF -/-mice that received rmG-CSF as controls.
Subcutaneous administration of rmG-CSF to G-CSF -/-mice started 48 hours prior to acid instillation. BAL samples were obtained either prior to injury or 12 and 24 hours after acid-induced lung injury. These time points for BAL analysis were chosen based on our observations that peak neutrophil accumulation occurs within the first 24 hours following acid instillation ( Fig. 2A) . We observed that rmG-CSF accumulates in the lungs of G-CSF -/-mice only after initiation of lung injury (Fig. 5A) and that there is a significant 10.57-fold increase neutrophil accumulation at 12 hours (p=0.0002) compared to G-CSF -/-mice that received PBS. Similar to neutrophil depleted mice, G-CSF -/-mice had significantly impaired AT1 re-epithelialization (Fig. 5E ) 72 hours after inducing injury, a time when AT1 restoration is known to occur (Fig 3B & C) . In mice repleted with G-CSF, alveolar epithelial type I cells were remarkably restored (Fig. 5E ).
Consistent with restoration of the alveolar permeability boundary, G-CSF -/-mice that underwent G-CSF repletion had an 80.4% (p=0.001) decreased BAL protein concentration at 24 hours (Fig. 5C ) compared to G-CSF -/-mice that received PBS injections. A similar trend was observed when we measured IgM levels, although the data was not statistically significant (Fig. 5D ).
Given our finding that neutrophil depletion was associated with decreased AT2 cell proliferation we proceeded to perform a similar analysis in the G-CSF -/-model of neutropenia. Twenty-four hours after inducing lung injury there was no significant difference in the number of AT2 cells per 20X field between the rmG-CSF treated mice, mean=75 cells per 20X field, and PBS treated mice, mean=72.75 cells per 20X field (p=0.51), again suggesting that neutrophils do not influence initial AT2 cell survival (Fig. 5F) . A significant increase in the percentage of proliferating AT2 cells, however, as measured by Ki67 staining (Fig. 5G) , was apparent even at 24 hrs. We observed that 5.35% of AT2 cells were Ki67 positive in the rmG-CSF treated group, whereas only 2.04% of AT2 cells were Ki67 positive in the PBS treated mice (p=0.035). This decreased proliferation in the PBS treated mice persisted at 72 hours where 2.48% of AT2 cells were Ki67 positive compared to 14.07% in the rmG-CSF treated group (p=0.044) (Fig. 5G) . These findings were further verified by digesting G-CSF replete and non-replete G-CSF-/-lungs into a single-cell suspension that was stained with antibodies targeting pro-SPC and Ki67. We observed that a greater percentage of AT2 cells were Ki67 positive in G-CSF -/-mice treated with rmG-CSF when compared to G-CSF-/-mice that received PBS (Fig. 6) .
Proteomic analysis of BAL shows that neutrophils promote multiple regenerative pathways. To interrogate the possible mechanisms through which neutrophils can promote alveolar epithelial regeneration, we performed an unbiased proteomic analysis comparing albumin-depleted BAL fluid taken from Ly6G antibody-depleted mice to that retrieved from mice given IgG2a isotype control antibody. We chose to analyze samples 12 hours after injury as this is when we observed the greatest difference in BAL neutrophils between the two groups. Over 1700 proteins in 1500 groups were detected and mapped using Sequest, and analyzed using Scaffold. A number of genes highly expressed in murine neutrophils (e.g., Ngp, Mmp9, S100a8, Retnlg, Sh3bgrl3, Lcn2, and Camp) were differentially detected in neutrophil-depleted samples, further supporting the effectiveness of depletion. More specifically, we found differences in proteins that have already been implicated in alveolar epithelial regeneration including Mmp9(6, 21, 39), Mmp2(39, 43), and Fgf1(20, 55, 61) suggesting that neutrophils may modulate these pathways, in part, by influencing alveolar liquid components (Fig. 7) . We have also included a list of proteins that were differentially upregulated (Table 1) or downregulated (Table 2 ) in mice given a non-specific IgG2A antibody relative to mice that received the neutrophildepleting Ly6G antibody. Future studies will focus on specific cell-signaling pathways as they may be important therapeutic targets.
Discussion
Patient mortality in ARDS remains as high as 46% (1, 14, 28, 32, 51, 54, 56 ) and the development of medications for this disease is a major unmet medical Using a Ly6G antibody to induce neutropenia we observed that neutrophils do not impact acid-induced epithelial lung injury as assessed histologically or by measuring BAL protein-concentration. As formal lung injury grading systems use neutrophils in their scoring(12, 49), we have focused here specifically on loss and repair of the critical AT1 cell boundary. However, we did observe comparable BAL protein levels at 12 hours, a time of peak inflammation in the control mice.
Despite having similar initial injuries, we observed several differences at later time points in alveolar epithelial repair including decreased restoration of AT1 cells and prolonged alveolar protein leak in the neutrophil depleted mice relative to the control mice. BAL IgM concentrations, although markedly elevated, were not statistically different between the two groups, suggesting that large pores through which IgM passes may be regulated differently than other permeability barriers at the time points that we studied.
These findings are echoed by other groups that have shown that neutropenia is associated with decreased epithelial repair(24, 26, 29, 53) outside the lung as well as other groups that have demonstrated that neutrophil products can promote AT2 cell proliferation (2, 65) . Despite these observations, this is the first study to investigate the potential role of neutrophils in epithelial repair following a model of lung injury. Our quantification of AT2 cell proliferation shows that neutropenia is associated with decreased AT2 cell proliferation, which we believe underlies the differences in AT1 cells seen 72 hours after acid-induced lung injury.
These findings are further supported by an unbiased proteomic analysis that identified neutrophil-derived products in the BAL of isotype-exposed lungs compared to Ly6g-exposed lungs. These products, as well as non-neutrophilderived proteins detected in the same sample, represent candidate molecules to illuminate pathways related to ATII proliferation and differentiation. In particular, we wish to highlight the potential roles of Mmp9 and Mmp2, and Fgf1, all detected in BAL from neutrophil-replete mice. Mmp9 and other Mmp2 have been suggested to mediate repair by altering basement membrane constituents (6, 30, 37, 39, 43) . Fgf1 is a also a candidate to drive ATII proliferation(18, 20, 55, 61).
We recognize that pathway analysis is limited and that it may highlight pathways and molecules that are not involved. Nonetheless, we believe that hypotheses regarding mechanisms of alveolar epithelial repair may be facilitated by this information.
In summary, data generated using a novel unilateral lung injury model show that neutropenia is strongly associated with decreased AT2 cell proliferation and AT1 regeneration in response to acute lung injury. Although other groups have suggested that such a relationship exists(65), we are the first to formally test this hypothesis in a model of injury and repair using two models to decrease the neutrophil response to injury. Furthermore, we have used an unbiased proteomic analysis to identify signaling pathways that are altered by neutrophil depletion.
The components of these pathways -Mmp9, Mmp2, and Fgf1 among many others -may promote alveolar epithelial repair and merit further investigation. In the meantime, as the innate immune response appears to promote alveolar epithelial regeneration, these data provide further evidence for considering approaches other than anti-inflammatory medications in the treatment of patients with ARDS. injury. We observed a significant increase in AT2 cells in rmG-CSF repleted treated mice at 72 hours. (*p<0.05 using Student's t-test). G) There were also significant differences in the number of proliferating AT2 cells at in the rmG-CSF repleted mice 24h and 72h after being subjected to acid-induced lung injury.
(*p<0.05 using Student's t-test). This phenomenon was confirmed using flow cytometry in Fig. 6 . from an unbiased proteomic analysis of the BAL fluid 12h after mice underwent acid-induced lung injury. Differentially-expressed genes (2-fold or greater) were used to generate a series of networks that reflect, among others, inflammation, cell-cycle, and differentiation pathways. This pathway analysis suggests that neutrophils regulate key pathways such as Mmp9, Mmp2 and Fgf1, which have previously been described to enhance wound repair (3, 6, 30, 39, 43, 55, 61) . 
